Objective: We developed an in situ regeneration-inducible artificial trachea composed of a porcine collagen sponge and polypropylene framework and used it for tracheal reconstruction. In the present study, collagen sponges with different structures were prepared from various concentrations of collagen solutions, and their effect on the regeneration of tracheal epithelium was examined. Methods: Collagen sponges were prepared from type I and III collagen solutions. The structures of the sponges were analyzed using scanning electron microscopy (SEM). Artificial tracheae, which were formed using the collagen sponges with different structures, were implanted into rabbits, and regeneration of the tracheal epithelium on the artificial tracheae was evaluated by SEM analysis and histological examination. Results: The SEM analysis showed that collagen sponges prepared from 0.5% and 1.0% collagen solutions had a porous structure. However, the sponges prepared from a 1.5% collagen solution had a nonporous structure. After implantation of artificial tracheae prepared from 0.5% and 1.0% collagen solutions, their luminal surfaces were mostly covered with epithelium within 14 days. However, epithelial reorganization occurred later on artificial tracheae prepared from the 1.5% collagen solution. Conclusion: Collagen sponges with a porous structure are suitable for regeneration of the tracheal epithelium in our artificial trachea.
Introduction
Tracheal resection and reconstruction are required in patients with malignant tumor or airway stenosis. Tracheal defects have conventionally been reconstructed by end-toend anastomosis or autologous tissue implantation using skin or cartilage obtained from the nasal septum, auricle, or costal cartilage. However, recent studies have suggested that a tissue engineering technique is more effective for reconstruction of tracheal defects. [1] [2] [3] [4] [5] [6] [7] We developed an in situ regeneration-inducible artificial trachea composed of a porcine collagen sponge and a polypropylene framework and have used it clinically for tracheal reconstruction. [1] [2] [3] [4] [5] These artificial tracheae made from collagen sponge have been applied successfully to patients with noncircumferential trachea resection. 4.5 However, slow regeneration on the luminal surface of the prosthesis remains a problem. The tracheal epithelium serves as a major protective barrier at the interface between the host and external environment, where tight junctions physically prevent the entry of pathogens and particles. Ciliated cells, the predominant cell type at the surface of the tracheal epithelium, contribute to mucociliary clearance. Therefore, delayed epithelial regeneration raises the risk of infection.
The important factors for tissue engineering are cells, regulation factors, and scaffolds. 7 To promote regeneration of the tracheal epithelium, our group has studied the effects of fibroblasts, adipose-derived stem cells, and basic-fibroblast growth factor in artificial grafts and shown that they shorten the time for epithelialization and cilia formation. [8] [9] [10] [11] [12] [13] [14] Collagen scaffolds are widely used in regenerative medicine because of their high biocompatibility, but no studies have examined the most suitable structure of collagen scaffold for tracheal regeneration.
In this study, collagen sponges with different structures were prepared from various concentrations of collagen solutions, and the effect of the collagen sponge structure on regeneration of the tracheal epithelium was examined.
Materials and Methods

Collagen Sponges
Collagen sponge was prepared as described previously with modfications. [1] [2] [3] Porcine atelocollagen (NH Foods Ltd, Ibaraki, Japan) consisted of type I collagen (70%-80%) and type III collagen. Atelocollagen was dissolved in a hydrochloric acid solution (pH 3.0) to prepare 0.5%, 1.0%, and 1.5% atelocollagen solutions that were used to prepare the collagen sponges by freeze-drying for 96 hours in a laboratory freeze-dryer (FDU-2200; TOKYO RIKAKIKAI Co, Ltd, Tokyo, Japan).
Artificial Trachea
The procedure for the production of the artificial trachea has been described previously. 2 Briefly, the artificial trachea consisted of a Marlex mesh tube (pore size 260 µm, polypropylene; Bard, Inc, Billerica, Massachusetts, USA) reinforced with polypropylene rings and coated with collagen sponge. 1.2 In the current study, a modified version of the artificial trachea was prepared for the rabbit model. The Marlex mesh tube was 35 mm long and had an outer diameter of 20 mm. The polypropylene rings, which had a diameter of 1 mm (G KRAHMER GmbH, Buchholz, Germany), were attached to the cylinder by melting them at several points and further fixed using 7-0 polypropylene sutures (G KRAHMER GmbH) along a 20 mm segment. The tube was covalently immobilized and then further physically coated with collagen sponge prepared from the 0.5%, 1.0%, and 1.5% atelocollagen solutions (referred to as 0.5-, 1.0-, and 1.5-scaffolds, respectively) ( Figures 1A, B ).
Animal Experiments
Animal care, housing, and surgical procedures were carried out in accordance with the Guidelines of the Animal Experiment Committee, Fukushima Medical University. The artificial trachea was implanted into 18 Japanese white rabbits (male, 11 weeks of age, 1.8-2.2 kg body weight; Japan SLC, Inc, Shizuoka, Japan). The rabbits were anesthetized by an intramuscular administration of a cocktail of medetomidine hydrochloride (0.2 mg/kg; Nippon Zenyaku Kogyo Co, Ltd, Fukushima, Japan), midazolam (1.0 mg/kg; Astellas Pharma, Inc, Tokyo, Japan), and butorphanol tartrate (0.2 mg/kg; Meiji Seika Pharma Co, Ltd, Tokyo, Japan). Tracheal defects of 5 mm in width and 10 mm in length were prepared in the anterior portion of the trachea ( Figure 1C ). The artificial tracheae were laid on the tracheal defects and sutured in place ( Figure 1D ).
At 14 or 28 days after implantation, the luminal surface of the implanted area was observed with a bronchoscope (VISERA ELITE; Olympus Co, Ltd, Tokyo, Japan). The rabbits were euthanized by an intramuscular injection of pentobarbital sodium (Kyoritsu Seiyaku Corporation, Tokyo, Japan), and the trachea along with the sternohyoid and sternothyroid muscles were resected en bloc for histological examination, immunofluorescence analysis, and scanning electron microscopy (SEM). One rabbit implanted with 1.5-scaffold could not be used for these examinations because the rabbit died at 17 days post implantation.
Histological Examination
The samples were fixed with 4% paraformaldehyde in phosphate buffered saline (pH 7.4) and embedded in paraffin. They were sliced into 4-µm sections and subjected to hematoxylin and eosin (H&E) staining for light microscopic observation (BX-51; Olympus).
Evaluation of Thickness of Regenerated Epithelium
Mean value of epithelial thicknesses, which were measured at the center and the points 100 µm away from the center of tracheal defect in H&E-stained section, was determined as the thickness of regenerated epithelium. The thickness of regenerated epithelium was evaluated in 14-day post-implantation samples obtained from each of the 3 rabbits in the 0.5-, 1.0-, and 1.5-scaffold groups and 28-day post-implantation samples obtained from each of the 3 rabbits in the 0.5-and 1.0-scaffold groups and 2 rabbits in the 1.5-scaffold group.
Antibodies
The primary antibodies used for immunofluorescence analysis were mouse monoclonal antibodies against β4-tubulin (Sigma Aldrich Co, LLC, St Louis, Missouri, USA), cytokeratin AE1/AE3 (Dako Japan, Tokyo, Japan), and occludin (Zymed Laboratories, Inc, South San Francisco, California, USA). An Alexa Fluor 594-conjugated goat anti-mouse secondary antibody was also used (Molecular Probes, Inc, Eugene, Oregon, USA).
Immunofluorescence Analysis
The sections were incubated with a blocking solution (Dainippon Pharmaceutical Corporation, Osaka, Japan) to saturate nonspecific sites. They were then exposed sequentially to the primary antibodies and secondary antibody for 60 minutes at 37°C. Cell nuclei were counterstained with 4′, 6-diamidino-2-phenylindole (Dojindo Laboratories, Kumamoto, Japan). Fluorescent images were obtained with a confocal laser scanning microscope A1R (Nikon Instech, Tokyo, Japan).
SEM
The samples were fixed in a solution of 2% glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.2), and the luminal side of the trachea was exposed by cleaving the trachea in the direction of the long axis. The specimens were fixed with 1% osmium tetroxide (Wako Pure Chemical Industries, Ltd, Osaka, Japan) overnight, and they were then critical pointdried and coated with osmium. Observations of the samples using a scanning microscope (SU8220; Hitachi High-Technologies Corporation, Tokyo, Japan) were performed at an accelerating voltage of 2 kV.
Results
Structure of Collagen Sponges
The SEM analysis showed that collagen sponges prepared from the 0.5% and 1.0% atelocollagen solutions had a porous structure and their framework was constructed by the dynamically arranged collagen membranes (Figures 2A,  2B ). However, collagen sponges made from the 1.5% atelocollagen solution had a nonporous structure that was constructed with collagen membranes arranged in parallel. The intermembrane spaces observed in all sponges were small ( Figure 2C ).
Bronchoscopic Examination
The scaffolds were implanted into rabbit tracheae, and bronchoscopic examination was performed for each group. At 14 days after implantation, epithelialization over a large area of the luminal implant surfaces in the 0.5-and 1.0-scaffold-implanted rabbits was observed, whereas a small amount of granulation tissue was seen on the surface of the implant in the 0.5-scaffold-implanted group (Figures 3A,  3B ). The implant surface in the 1.5-scaffold-implanted rabbits was occupied by a large amount of granulation tissue that caused airway stenosis ( Figure 3C ). At 28 days after implantation, the surface of the implants appeared to be entirely epithelized in the 0.5-and 1.0-scaffold groups (Figures 3D, 3E ), but a small amount of granulation tissue was still observed on the luminal surface of the implants in the 1.5-scaffold group ( Figure 3F ).
Histological Examination
At 14 days after implantation, stratified squamous epithelium was observed on the luminal surface of the implants in the 0.5-scaffold group ( Figure 4A ). The cells on the surface of the implants were positively stained with anti-cytokeratin AE1/AE3 that reacts with most cytokeratin family molecules, thus confirming epithelialization. Only a few epithelial cells were positive for β4-tubulin, a marker for ciliated cells, but cilia were barely formed in these cells. Occludin was detected in the apical region of newly formed epithelium, indicating that tight junctions were organized in the epithelium. Stratified squamous epithelium was also observed in the 1.0-scaffold group ( Figure 4B ), but cilia were formed on several epithelial cells. Occludin was detected in the apical region of the epithelium in the 1.0-scaffold group. Conversely, no epithelium was observed on the implant surface of the 1.5-scaffold group ( Figure 4C) . A few cytokeratin-positive cells were detected in the granulation tissue but not on the luminal surface. Furthermore, ciliated cells were not detected in this group.
At 28 days after implantation, a pseudostratified epithelium with columnar ciliated cells was observed on the implant surfaces in the 0.5-and 1.0-scaffold groups ( Figures  4D, 4E) . The luminal surface of the trachea was mostly covered with ciliated cells in these groups, and occludin was detected in the apical region of the epithelial cells. In the 1.5-scaffold group, epithelial tissue covered the luminal surface of the implants, and tight junctions were organized in the epithelial tissue ( Figure 4F ). However, the epithelium formed in this group was squamous and had a small number of ciliated cells.
Thickness of Regenerated Epithelium
At 14 days after implantation, the thicknesses of regenerated epithelia in the 0.5-and 1.0-scaffold groups were in the ranges of 12.5 to 17.9 and 8.1 to 19.3 µm, respectively ( Figure 4G ). However, regenerated epithelia were 0 µm thick in 3 of the 3 rabbits implanted with 1.5-scaffold. At 28 days after implantation, the thicknesses of regenerated epithelia in the 0.5-, 1.0-, and 1.5-scaffold groups were in the ranges of 15.6 to 21.8, 19.3 to 29.3, and 15.0 to 20.6 µm ( Figure 4H ).
SEM
The SEM analysis further confirmed epithelialization in the 0.5-and 1.0-scaffold groups and cilia formation in the 1.0-scaffold group at 14 days after implantation ( Figures  5A, 5B ). Epithelialization was poor in the 1.5-scaffold group, and fibrous structures were exposed on the surface of the implants (Figure 5C ).
At 28 days after implantation, the luminal surface was predominantly covered by mature cilia in the 0.5-and 1.0-scaffold groups. Although epithelialization was observed in the 1.5-scaffold group, ciliated cells were sparse, and the cilia that formed in these cells were immature.
Discussion
Resection of part of the trachea in association with a malignant tumor or inflammatory lesion can result in functional disorders of speech, deglutition, and respiration. We developed an in situ regeneration-inducible artificial trachea made from collagen sponge and polypropylene that has been applied successfully to patients with noncircumferential trachea resection. 4.5 In this study, the effect of collagen sponge structure on regeneration of the tracheal epithelium was examined. The collagen sponges prepared from 0.5% and 1.0% collagen solutions was porous. When these sponges were implanted in a partial defect of rabbit trachea, the luminal surface of the implants was mostly covered with newly formed epithelial tissue within 14 days. In contrast, collagen sponges prepared from the 1.5% collagen solution had a nonporous structure, and epithelium formation on the nonporous sponges took longer than 14 days. Moreover, when thickness of regenerated epithelium was used as an index of epithelialization, epithelialization levels in the groups implanted with porous collagen sponge (0.5-and 1.0-scaffold groups) were higher as compared with nonporous collagen sponge-implanted group (1.5-scaffold group). These results suggest that a concentration of collagen greater than 1.5% is too dense for preparation of a porous structure and that a porous structure is better for regenerating the tracheal epithelium. For tissue engineering, scaffolds should balance mechanical function and permeability of biofactors (eg, cells and cytokines). 15 Many in vitro and in vivo studies have shown that a porous structure is necessary for cell invasion and growth. For example, Yamane et al 16 fabricated porous scaffolds with chitosan-hyaluronic acid hybrid polymer fibers and concluded that a scaffold with a pore size of 400 µm is suited to cartilage tissue engineering. Ahn et al 17 reported that a highly porous 3D collagen scaffold is suitable for the in vitro organization of a skin equivalent. Our results suggest that a porous structure is suitable for tracheal regeneration, similar to the regeneration of many other organs. In our implantation model, implanted collagen sponges initially played a role for substituent of tracheal mesenchyme. Mesenchymal cells invade into the defect before epithelial cell recoverage during the process of tracheal regeneration similar to wound healing and reorganize mesenchymal tissue to provide the basis for epithelial cells. 18, 19 Additionally, mesenchymal cells are known to secrete various growth factors and cytokines, such as FGFs and HGF, which stimulate epithelial cell migration, growth, and differentiation during wound repair. 20.21 Indeed, our group has previously shown that stratification, basement membrane reconstruction, apicobasal polarization, and cilia formation of cultured tracheal epithelial cells were promoted by co-culture with fibroblasts. 10 Moreover, following study has indicated that mesenchymal cells stimulate growth and the differentiation of tracheal epithelial cells during tracheal regeneration in a rat tracheal defect model. 22 Thus, mesenchymal cell invasion is an essential event for epithelial regeneration. Because a porous structure permits mesenchymal cell invasion into the sponge, 16, 17 it may be possible that collagen sponge with porous structure might provide a substitutional mesenchyme that is suitable for mesenchymal cell invasion and indirectly promote epithelialization. The cell invasion is easier with porous structure than with nonporous structure.
Epithelial regeneration is achieved through epithelial cell growth and differentiation. Epithelial cell growth takes place primarily to cover defective regions but is prerequisite for epithelial cell differentiation and reorganization of functional epithelium. 18, 23 Following to the epithelial cell stratification, epithelial cells differentiate into ciliated cells, 24 which are predominant in the luminal surface of normal trachea, and important in airway host defensive function as a vital component of mucociliary apparatus. Our data indicated that epithelial thickness was similar level in the 0.5-and 1.0-scaffold groups at 14 days post implantation, but ciliated cells were more abundant in the 1.0-scaffold group. Taken together, it is suggested that epithelial cells covered the defect more rapidly in 1.0-scaffold group than in 0.5-scaffold group. Although structural difference between the sponges prepared from 0.5% and 1.0% collagen could not be found by SEM, there might be a subtle structural difference between them. It is known that the structure of collagen sponge scaffold varies according to collagen concentrations and making processes such as the temperature or the time of freeze-drying. 25, 26 Because the making process of the collagen sponges in this study is identical, structural difference in the collagen sponges depends on collagen concentrations. It is well accepted that the pore size in collagen can dramatically affect cell behavior encouraging cell migration and penetration into the scaffold. 27, 28 End-to-end anastomosis is a conventional method to reconstruct circumferential tracheal defects, which is caused by resecting cancer or stenotic region. Since this method is chosen for the defects of up to 6 cm in adults, 1 goal for artificial trachea implantation is to regenerate over 6 cmlong circumferential defects. 29 Epithelial regeneration in circumferential defects would be somewhat different from that in patch defect. It requires a longer period. Force acting on artificial trachea would be different between circumferential and patch defect. In this study, just patch defect model was used to investigate the effects of collagen sponges on tracheal epithelialization. Further examination using circumferential defect model remains to be performed.
Conclusion
The effect of the collagen sponge structure on regeneration of the tracheal epithelium was examined in our artificial trachea composed of a porcine collagen sponge and a polypropylene framework. Different collagen concentrations result in distinct structures of collagen sponge scaffolds. Collagen sponges with a porous structure appear to be suitable for regeneration of the tracheal epithelium.
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